The solar power received by Earth far exceeds global power demands. Despite this, infrastructure shortages and high capital costs prevent the wide-scale adoption of photovoltaics to displace conventional energy technologies relying on carbon-based fuels. In response, new concepts and materials have been explored to develop next-generation solar cells capable of operating more efficiently and cheaply. Over the past decade, single semiconductor nanowire (NW) and NW array devices have emerged as promising platforms with which to examine new concepts. Small distances in NWs allow for efficient charge separation while tunable photonic modes permit light absorption properties distinct from bulk materials. Furthermore, the synthesis and fabrication of NW devices presents new opportunities such as with incorporation of complex heterostructures or use of cheaper substrates. Here, we present a critical discussion of the benefits and remaining challenges related to utilization of NWs for solar energy conversion and emphasize the synthetic advances leading towards significant improvement in the electrical and optical performance of NW devices. We conclude by articulating the unique capabilities of solar cells assembled from multiple, distinct NWs.
Introduction
Semiconducting nanowires (NWs) are a remarkably versatile class of nanomaterial ( Fig. 1 ) that have enabled a diverse range of devices for nanoelectronics, biosensing, photonics, and energy science [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . This review discusses recent synthetic advances that have expanded the functionality and complexity of NW building blocks for a new generation of photovoltaic devices. We focus on the synthetically tunable electrical and optical properties of these structures and their promise as a platform for efficient solar cells.
Overview of nanowire synthesis
Semiconductor NWs are typically synthesized using metal nanoclusters as catalysts during a vapourliquid-solid (VLS) growth process [15] . In this process (Fig. 2) , a vapor-phase semiconductor source dissolves in the liquid metal/semiconductor droplet maintained at a temperature above the metal/semiconductor eutectic point. Continued supply of the semiconductor gaseous reactant supersaturates the droplet, whereupon the chemical potential between the gas-liquid and liquid-solid interfaces acts as a driving force for nucleation of the solid semiconductor. Ultimately, the liquid-solid interface acts as a sink leading to continued semiconductor incorporation into the lattice and growth of the NW with the droplet carried at the tip of the incipient NW.
Gaseous semiconductor reactants are typically generated through thermal or plasma-enhanced decomposition of precursors such as in a chemical vapor deposition (CVD) or plasma-enhanced chemical vapor deposition (PECVD) process. Alternate methods involve momentum or energy transfer such as in pulsed laser ablation [17] or molecular beam epitaxy (MBE) [18] from solid targets. Despite a range of alternatives, CVD has emerged as the most popular technique. In the case of Si nanowire (SiNW) growth, silane (SiH 4 ) and Au nanoparticles are normally used as the precursor and catalyst, respectively. In addition to group IV materials, compound III-V and II-VI NWs have been produced with the VLS method, employing as a guide to choice of synthetic parameters (e.g., partial pressure, temperature) the pseudobinary phase diagrams for the catalyst and compound semiconductor of interest. For compound semiconductor growth, metal-organic chemical vapor deposition (MOCVD) [20] or pulsed laser ablation [21] have typically been used to deliver gaseous precursors.
Despite a simple reactor set-up (described previously in [16] ) and relatively narrow range of synthetic parameters (e.g., temperature, reactant partial pressure, diluent or carrier gas, and metal catalyst), CVD still enables growth of a broad range of NW materials. It is possible to grow axial heterostructures (Fig. 3) in which sections of different materials or like materials with different doping are grown along the wire axis [22, 23] , and, more recently, kinked axial structures have been demonstrated [24] . Radial heterostructures (Fig. 3) in which the VLS grown core is subsequently sheathed by a single or multiple shells of semiconductor material [12-14, 25, 26] have been demonstrated.
Nanowires in photovoltaics
Next-generation solar cells, which are also referred to as third-generation solar cells, aim to achieve > 20 % solar-to-electric power conversion efficiencies at a specific cost of < USD0.50 per peak Watt 1 [27] . Over the past decade an intensive research effort was launched to study how NW materials could contribute to achieving this goal. Several hypotheses were motivating research in this direction. The first of these was that low-temperature, high-purity, and high-yield synthesis of nanomaterials could reduce costs compared to conventional top-down fabrication, which typically entails high thermal budgets and complex processes to make the high-purity materials necessary for solar cell applications [27] [28] [29] . The second hypothesis is that increased optical absorption in nanomaterials, due to unique properties of light interaction with subwavelength objects and periodic structures, could increase efficiencies beyond those achieved on thick semiconductor films [30] . In addition, previous research [31, 32] has shown that integration of heterogeneous materials (e.g., semiconductors with > 4 % lattice mismatch) is more readily possible at the nanoscale and could thus enable further efficiency enhancements through improved absorption. The third hypothesis is that nanomaterials could be used to explore new material combinations or to exploit physical effects such as hot carriers, multiple excitons, or intermediate bands to achieve efficiencies beyond the Shockley-Queisser efficiency [33] [34] [35] [36] [37] .
Many groups have investigated semiconductor NWs and how they could enhance photovoltaic or photoelectrochemical power conversion efficiencies. Using hydrothermally grown ZnO NWs decorated with a Ru-based dye and immersed in electrolyte (Fig. 4a) , a NW dye-sensitized photoelectrochemical solar cell showed improved current density compared to ZnO nanoparticle-based dye-cells for the same dye loading level [38] . The authors argued that the ZnO NW photoanode increases both the productive absorption and efficiency of carrier extraction compared to ZnO nanoparticles due to improved charge percolation pathways. Work from the Atwater and Lewis groups has led research investigating the performance of periodic arrays of Si microwires (Fig. 4b ) for photovoltaic and solar-to-fuel conversion systems [39] [40] [41] . Garnett et al. have investigated arrays of Si NWs with radial p-n junctions (Fig. 4c) and demonstrated efficiencies of ~0.5 % [42] . Using MOVPE, researchers in Japan have succeeded in synthesizing periodic arrays of doped InP core-shell NWs (Fig. 4d ) over ~20 mm 2 area and demonstrated an efficiency of 3.4 % [43] . Further demonstrating the diversity of semiconductor NW growth processes, MBE was used to synthesize ~200 nm GaAs NWs (Fig. 4e ) with a radial p-i-n geometry and resulting devices showed efficiencies of ~4.5 % [44] . Finally, the Yang group recently demonstrated low-temperature, solution-phase doping of CdS NWs with Cu ( Fig. 4f) to form active devices with good electrical properties, V OC = 0.6 V, and efficiencies of 5.4 % [45] .
The aforementioned represent a brief survey of several of the research accomplishments in the field of nano-enabled solar cells. They also represent a distinct approach, one based on growth of large-area NW or microwire arrays with subsequent fabrication of device junctions, contacts, and passivation in a top-down [46] manner. In principle, this approach has several benefits including: (1) device fabrication is readily scalable to large-area devices/modules, and (2) vertically oriented wires offer long-optical path lengths and photonic effects can persist in periodic arrays.
Synthesis and assembly
The Lieber group has pioneered an alternate approach to realizing breakthrough nanoscale functional devices. Often termed the bottom-up approach [47, 48] , it simply relies on synthesis of optimized and differentiated nanoscale elements and the subsequent assembly of these into a complex multicomponent device. In fact, Nature has followed such a paradigm to elicit highly complex and functional systems from relatively simple building blocks. Amongst the advantages [49] of this approach, several key points are: (1) the ability to differentiate structure and function at the synthesis and assembly stage, (2) the ability to incorporate materials with distinct chemical compositions at the micro-, nano-, and atomic length-scales, (3) the use of in situ processes to achieve high quality and precise control over material properties, and (4) the ability to use new substrates and form factors. Realization of functional and integrated nanosystems involves three key steps (Fig. 5) . First, one must synthesize a comprehensive toolkit of nanoscale building blocks with precisely controlled and tunable chemical compositions, structures, sizes, and morphologies. Second, synthetic differences among these structures must be linked to well-defined electronic/optical properties. As a result, it is critical to study and understand the fundamental properties of these nanoscale elements and explore their limits as functional devices. This link, when properly formed, is the basis of a feedback loop whereby new properties are discovered or evolved, leading to further design of new materials. Third, the development of hierarchical assembly strategies will be key to organization of these building blocks into highly integrated nanosystems with predictable and versatile functions.
Axial and radial nanowire solar cells
The Lieber group has previously demonstrated the key structural and compositional variations needed to explore the axial and radial PV motifs [50] . Specifically, a critical breakthrough in the development of NW building blocks began with demonstration of controlled growth of axial [22, 51] and radial heterostructures [25, 52] , where the composition and/or doping was modulated down to the atomic level along or perpendicular to the NW axes, respectively.
For axial p-i-n SiNWs, dopant modulation is achieved by switching dopant precursor gases at appropriate times during NW elongation [53, 54] . Field-emission scanning electron microscopy (SEM) images indicate that the as-grown axial p-i-n SiNWs are straight, have smooth surfaces, and a uniform diameter with < 1 % deviation along the typical 25 μm length (Fig. 6a, top) . Independently calibrated growth rates for each segment of SiNW growth obtained on homogeneous p-, i-, and n-type SiNWs prepared under similar conditions have shown that the lengths of the SiNWs are consistent with overall growth times [55] . In addition, the uniform diameters demonstrate that axial growth is the predominant process under these experimental conditions. In order to verify successful encoding of designed p-i-n structures, the SiNWs were selectively etched in potassium hydroxide solution, where the single-crystal SiNW radial etching rate, R, goes as R i > R p > R n . SEM images of etched p-i-n SiNW structures (Fig. 6a bottom) show clear delineation of the individual regions of the diode structure, which can be referenced to the Au nanocluster catalyst at the end of the last (n-type) segment [55] . Finally, the SiNW etching profile follows the order in which dopants were introduced during synthesis: first boron for p-type, no dopant for i-type, and then phosphorous for n-type.
For the radial structure, p-core growth proceeds as for the axial case and is followed by deposition of iand n-shells at higher temperature and lower pressure to inhibit axial elongation of the SiNW core during the radial growth [14] . SEM images of a typical p-i-n coaxial SiNW recorded in the back-scattered electron imaging mode ( Fig. 6c ) highlight several key features. First, the uniform contrast of the NW core is consistent with a single-crystalline structure expected for SiNWs obtained by the VLS method [17] . Second, contrast variation observed in the shells is indicative of a polycrystalline structure with grain size on the order of 30-80 nm. HRTEM images confirm that the NW shells are indeed polycrystalline. We note here and later comment in greater detail, that this nanocrystalline shell structure may enhance light absorption by the NWs. In analogy with the etching technique used to delineate the axial p-i-n diode regions, an SEM image of the cross-section of a radial p-i-n SiNW (Fig. 6d) clearly reveals the distinct p-core and i-and n-shell portions of the structure. Together, these observations show that our designed synthesis can reliably yield axial and radial p-i-n SiNWs with controlled encoding of the length (thickness), dopant profile, and material morphology within different regions. Control of these parameters is, of course, the prerequisite for producing well-defined diode structures necessary for investigating PV devices.
The electrical transport properties of the axial and radial p-i-n SiNW devices have also been characterized by current-voltage (I-V) measurements under dark conditions at room temperature. Dark I-V characteristics recorded from axial p-i-n devices with i-region lengths of 0, 2, and 4 μm are shown in Fig. 7a [55] . Overall, these data show well-defined current rectification, which is characteristic of the diode structure, and a current onset in forward bias at ca. 0.6 V. The onset value is typical for a p-n Si diode with the built-in potential being established as the difference between the Fermi energies in the p-and n-type regions [56] . I-V curves recorded across the p-or n-segments alone in p-i-n SiNW devices containing multiple contacts (upper inset, Fig. 7a ) showed linear behavior (lower inset, Fig. 7a ), thus confirming that the contacts are ohmic to the p-and n-type segments, and that current rectification is due solely to the built-in electric field across the p-n or p-i-n junction. We also note that the reverse bias leakage current (V < -1 V) is largest for the p-n SiNW diodes. This leakage can be attributed to larger interfacial recombination in the p-n diodes that is reduced with inclusion of an i-region in the p-i-n SiNWs.
Dark I-V curves obtained from radial p-i-n devices (Fig. 7b) likewise exhibit characteristics indicative of formation of good diodes [14] . Linear I-V curves from core-core (p1-p2) and shell-shell (n1-n2) configurations demonstrate that ohmic contacts are made to both core and shell portions of the NWs, with the latter showing higher conductance versus the core. Significantly, the highly conductive n-shell will reduce or eliminate potential drop along the shell, thereby enabling uniform radial carrier separation and collection when illuminated [14, 39] . I-V curves recorded from different core-shell contact geometries show rectifying behavior, and demonstrate that the p-i-n radial SiNWs behave as well-defined diodes. The photovoltaic properties of the axial and radial p-i-n SiNW diodes were characterized under standard conditions of 1-sun (100 mW/cm 2 ) AM1.5G illumination. Representative light I-V data for p-n, p-i-n i = 2 μm, and p-i-n i = 4 μm devices (Fig. 8a) yield open-circuit voltage, V OC , and short-circuit current, I SC , values of 0.12 V and 3.5 pA, 0.24 V and 14.0 pA, and 0.29 V and 31.1 pA, respectively. The results reveal a systematic improvement in both V OC and I SC with increasing i-segment length with the largest increase in V OC observed in moving from the p-n to p-i-n structural motif. Qualitatively, the improvement of V OC is consistent with the reduction of leakage currents upon inclusion of the i-segment. Likewise, the systematic increase in I SC as a function of increasing i-segment length is consistent with previous studies of SiNW avalanche photodiodes [54] , which identified the intrinsic region as the most optically sensitive device region. The fill-factor, FF, for the i = 4 μm device is 51 % and yields a maximum power output per NW of 4.6 pW. This value is approximately 15 times smaller than that achievable at 1-sun illumination using radial p-i-n SiNW devices [14] , (see below) but is still ~1000 times larger than that achieved with single piezoelectric NWs [57] .
In addition, the AM1.5G efficiency, η, based on the projected active area of the i = 4 μm device is 0.5 %, which is similar to the 0.46 % value reported for single SiNWs with metal/semiconductor junctions [58] , but considerably smaller than the 3.4 % achieved in radial SiNW devices [14] . The apparent short-circuit current density (J SC ) calculated based on the projected active area [14] is ~3.5 mA/cm 2 , slightly smaller than that reported for rectifying single metal/SiNW photovoltaic devices (~5.0 mA/cm 2 ), although the NW diameter in the latter was 4 × larger, ~1 μm [58] .
The axial p-i-n SiNW photovoltaic devices were further characterized by measurement of temperaturedependent device photovoltaic characteristics. V OC and I SC data for a p-i-n (i = 4 μm) SiNW device are shown in Fig. 8b [55] . V OC exhibited a well-defined linear dependence on temperature with a slope of -2.97 mV/K. Extrapolation of V OC to the 0 K limit yielded a value of 1.12 V that is in agreement with the band-gap of singlecrystalline Si [56] . In addition, I SC was found to increase weakly with temperature due to a decrease in bandgap with increasing temperature [59] [60] [61] . These low-temperature data further confirm that insertion of the i-segment is critical to improving the junction quality.
The PV properties of the p-i-n radial SiNW diodes were characterized under identical conditions [14] . I-V data recorded from one of the better devices (Fig. 8c) larger than for the axial p-i-n structure [55] . The J SC calculated using the projected area of the radial NW structure is 23.9 ± 1.2 mA/cm 2 [14] . The large J SC in the radial NW device implies substantial absorption across the solar spectrum and efficient carrier collection. Such absorption is consistent with the nanocrystalline shell structure of the NWs and previous studies of polycrystalline thin films [61] , although the detailed nature of absorption will require further investigation. Finally, the apparent PV efficiency of this device was 3.4 ± 0.2 %.
In addition, the temperature dependence of I SC , V OC , and FF were characterized to understand better the behavior of the radial SiNW PV devices (Fig. 8d) [14] . Consistent with the observations in the axial structure, I SC increases slightly with increasing temperature, as expected for increased light absorption due to decreasing band-gap with elevated temperature [59] . Second, V OC exhibits a substantial linear increase with decreasing temperature, where the slope (dV OC /dT) of -1.9 mV/K is close to the value (-1.7 mV/K) calculated in single-crystalline Si solar cells [60] . Interestingly, V OC does not extrapolate to the single-crystal Si band-gap as expected for a structure consisting of single-crystal core and polycrystalline shells.
Multishell nanowires as tunable elements for next-generation pv
SiNWs could enable low-cost and efficient photovoltaics, though their performance has been limited by poor electrical characteristics, as seen above, and an inability to tune absorption properties. As discussed above, single axial and radial NW devices posed two major challenges: (1) SiNW solar cells exhibited very poor electrical performance, and (2) SiNW solar cells exhibited weak or poorly tailorable absorption. The first problem relates to the low V OC (~0.2 V) and high leakage current ( > 2000 fA) observed for radial devices. While tolerable if such a device were configured as standalone nanoscale power source, such poor electrical characteristics would preclude the attainment of higher efficiencies and the integration of such elements into large-area arrays for multicomponent solar cells. The second problem relates less to the low J SC attained for the axial device and more to the fact that the radial device, despite high J SC , exhibits a bulk-like absorption external quantum efficiency (EQE) spectrum. Far from a fine point, this fact would preclude a radial device from ever yielding anything better than bulk absorption and thus would be unable to surpass the limit of current state-of-the-art crystalline Si solar cells. This limitation runs counter to one of the stated goals of impact for nano-enabled next-generation solar cells, namely, that they attempt to achieve power conversion efficiencies > 20 %.
Enhanced and tunable absorption in radial NWs
We recently synthesized high-quality core/multishell NW devices exhibiting ~0.5 V V OC s and J SC values of 8-10 mA/cm 2 [13] . The latter values are substantially larger than expected for an equivalent thickness of bulk Si [63] . Data obtained on NW devices with lengths spanning over 1 order of magnitude exhibit linear scaling of I SC and nearly constant J SC , suggesting that the high J SC values are intrinsic to these nanoscale structures and are not due to extrinsic factors such as scattering by contact electrodes [14] . To understand the origin of these large J SC values, we carried out wavelength-dependent photocurrent measurements and finite-difference time-domain (FDTD) simulations on individually characterized core/multishell NW devices. A representative curve of the absolute EQE vs. wavelength acquired for a p/in NW device (Fig. 9a , black curve) and the corresponding simulated EQE spectrum (Fig. 9a , red dashed curve) demonstrate several important points. First, the experimental and simulated spectra are highly structured, with very good agreement in the peak positions. Significantly, from analysis of the simulations and polarization-dependent experiments we can assign peaks in EQE to wavelength-dependent Fabry-Perot ( Fig. 9 labels 1, 2, 4 , and 5) and whispering-gallery ( Fig. 9 labels 3 and 6 ) resonant absorption modes within the hexagonal NW structure. Second, there is excellent correspondence in absolute EQE amplitudes between experiment and simulation, where the full-field FDTD simulations are executed without adjustable parameters and assume that internal quantum efficiency (IQE) has value of unity. This agreement in amplitudes further supports the use of NW projected area in calculation of current densities, and moreover, indicates that charge recombination is minimized in our new p/in and p/pin core/multishell structures. Third, the EQE spectrum approaches and even exceeds unity for wavelengths in the range of 400-500 nm. EQE values greater than unity are possible because of an optical antenna effect [64, 65] , in which the absorption cross-section of the NW exceeds its physical cross-section for some photon energies. This phenomenon is a purely classical effect caused by the sub-wavelength diameter of the NW and is quantitatively reproduced by the FDTD simulations.
To illustrate how rational synthetic design can be used to tune absorption within our NW photovoltaic elements, we examined a larger diameter (305 vs. 240 nm) p/pin NW device. The measured and simulated absolute EQE spectra for the p/pin device (Fig. 9b) exhibit several features differentiating them from the corresponding spectra discussed above for the p/in NW device. First, peaks 4-6 in the p/pin spectrum (Fig.  9b) , which correspond to the same modes (Fig. 9c) represented by peaks 1-3 in the p/in spectrum (Fig. 9a) , are substantially red-shifted. Second, the p/pin device exhibits a larger number of peaks in the experimental and simulated EQE spectra. Third, the p/pin experimental spectrum (Fig. 9b) exhibits two peaks between 470 and 520 nm with near-unity amplitudes. These two peaks correspond to resonant modes localized near the core-shell interface (Fig. 9c: label 4) . We suggest that the higher than predicted EQE values may result from enhanced absorption within the first ~20 nm of the polymorphic p-shell surrounding the p-core, although future studies will be needed to confirm and potentially exploit these differences in detail. The observed redshifted modes with enhanced absorption are also better matched in frequency to the maximum irradiance of the solar spectrum (Fig. 9b, blue dashed curve) . This observation explains the ~40 % larger J SC of p/pin NWs compared to p/in NWs and underscores our ability to optimize device performance through synthetic tuning of nanostructures.
We also compared the experimental and simulated optical properties of a p/in core/multishell NW (Fig.  9a) to an equivalent thickness of bulk Si. The simulated EQE spectrum for 240 nm of bulk Si (Fig. 9a , dashed green line) is featureless and shows substantially lower amplitude than the p/in NW. The origin of the differences in EQE spectra can be understood by comparing the interaction of light with both structures. For example, a plot of the electrical field intensity for an incident plane wave with a wavelength of 445 nm (Fig.  9d) shows a strong resonant mode excited within the NW, but the profile of electric field within an equivalent thickness of bulk Si is featureless. These modes in the NWs lead to substantial and structured J SC contribution from the shell through much of the core, while bulk Si exhibits the standard exponential decay as function of thickness (Fig. 9d) . Significantly, the spatial localization and intensity of resonant modes could be adjusted by tuning the morphology of the NW cavity.
Scaling properties and progress towards assembly
The studies discussed above demonstrate substantial improvement in the photovoltaic properties of SiNWs at the single NW level. To determine whether J SC could be improved further, we fabricated NW devices on transparent quartz substrates and measured J-V characteristics with and without a silver metal back-side reflector (BSR), as shown in Fig. 10a . Without the BSR, a representative single p/pin device (red line) yields J SC = 9.8 mA/cm 2 and an overall conversion efficiency, η, of 3.2 %. Significantly, the same device with a BSR yields J SC = 17.0 mA/cm 2 and η = 5.9 %. The substantial increase in efficiency achieved with the BSR thus suggests one straightforward route to mitigate incomplete absorption and thereby enables efficient NW-based solar cells.
In addition, the ability to maintain high-quality devices from very long (~50 μm) NWs bodes well for scaling to larger-area solar cells from assembled arrays of NWs. With a longer exposed shell, a larger surface is made available for light absorption, and a larger p-core to n-shell contact spacing also means that photolithography will be sufficient to define etch regions and electrical contacts.
While individual NW photovoltaics represent the ideal platform for elucidating fundamental factors affecting device efficiency and can be used to power nanoelectronic elements [14] , it is also important to consider the prospects for scaling these to arrays that will be required for solar cells. As an initial step in this direction we interconnected in parallel from 1 to 8 p/pin core/multishell NW elements. Measurements of light I-V data from these small multi-NW devices (inset, Fig. 10b) show good "cell" characteristics are maintained (e.g., V OC and FF are nearly constant) with increasing number of NW elements. Indeed, the FF for the 8 NW device, 69.3 %, is similar to the best value we achieved on single NW elements, 68.0 %. Moreover, and central to the potential for scaling, we observe a step-wise increase in I SC from 191 to 1723 pA as the number of NWs in a device is increased from 1 to 8, respectively (Fig. 10b) . Importantly, this increase in absolute I SC is also accompanied by preservation of J SC to within 3 % of that for the best single NW device. We believe these results show that assembly and large-scale integration could be a viable strategy for using our core/ multishell NW building blocks, although future studies will be required to expand to larger arrays. Such work should be able to exploit reported advances in assembly of dense parallel NWs on the micrometer to several inch scale [66] , where the NWs have also exhibited good electronic properties [66, 67] .
In line with the paradigm we introduced in Fig. 5 , we demonstrate how layering and interconnection of designed coaxial core/multishell NW components can significantly enhance current density and thereby efficiency. To advance this new concept, we assembled vertical stacks of horizontally oriented NW devices. A representative SEM image of the assembled NWs (inset, Fig. 11a) shows the well-aligned vertical stack of two p/pin NWs on a quartz substrate. Transport measurements for the vertical stack of two parallel-connected p/pin NWs yield a J SC of 14.0 mA/cm 2 ( Fig. 11b ), which represents a 1.4 × increase compared to the best single p/pin NW device. Significantly, the experimental EQE spectrum for the stacked double NW device (Fig. 11a) shows that nearly all peaks from 380 to 700 nm coincide in frequency with those for a single NW device, and that the EQE amplitudes are increased by a factor of 1.0-2.0 across this wavelength range. These increased amplitudes account for the observed 40 % J SC enhancement, and notably, FDTD simulations reproduce the EQE enhancement for the double stack configuration and predict a comparable 41 % increase in J SC . Simulations also show that the resonant modes present in a single or, in this case, the top NW are preserved in the bottom NW, and this effect permits the broadband enhancement observed in the experimental and simulated EQE spectra for the double-NW stack. In addition, we explored the scaling of our new concept by simulating NW stack structures with up to five equal-diameter NWs and a total thickness of 1.2 μm (Fig.  11b) . Comparison of the J SC and EQE for the 5-NW stack and a single microwire with a diameter of the same height shows that the 5-NW stack is predicted to have 26 % higher J SC and 2-fold higher EQE at 620 nm, with the EQE of the stack exceeding that of the microwire for most wavelengths. Notably, simulations show that a stack of five NWs could yield J SC values of 24 and > 40 mA/cm 2 without and with a BSR, respectively, values that could yield power-conversion efficiencies > 15 %.
Conclusions and outlook
In the future, studies should continue to focus on the synthesis of new nanoscale materials [13, 68, 69] and also explore innovative methods for the assembly of large-area nanostructure arrays for photovoltaic applications. Significant challenges and opportunities exist for the development of assembled NW photovoltaic arrays. The ability to pattern arrays of NWs over large areas, at high density, and with robust control of their periodicity would constitute a breakthrough. Furthermore, NW design [70] and synthesis efforts should minimize the size and doping heterogeneity of NWs, because variations in such parameters limit the overall power conversion efficiency of the system [71] . Finally, though the systems cost of an assembled NW photovoltaic cell is difficult to quantify at present, synthetic advances, use of cheaper catalysts, and adoption of lower-temperature processes will drive cost reductions. Ultimately, the assembly and large-scale integration of diverse NW building blocks could become a viable strategy for development of efficient and cost-effective next-generation solar cells.
